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HYDROSTATIC STABILITY OF TKE LIQUID-VAPOR 

space vehicle  tanks while exposed t o  weightlessness (zero g rav i ty )  during 
coast ing periods.  A knowledge of t h e  equilibrium liquid-vapor in t e r f ace  con- 

INTERFACE I N  A GRAVITATIONAL FIELD 

by W i l l i a m  J. Masica, Donald A. Petrash,  
and Edward W. Otto 

Lewis Research Center 

As  a p a r t  of an o v e r a l l  inves t iga t ion  of t h e  behavior of rocket engine 
propel lan ts  s tored  i n  space vehicle tanks while exposed t o  weightlessness, a 
study w a s  conducted i n  a 1-g acce lera t ion  f i e l d  t o  determine t h e  hydros ta t ic  
s t a b i l i t y  of t he  liquid-vapor in te r face  i n  a c y l i n d r i c a l  container. 

The Bond number c r i t e r ion ,  cons is t ing  e s s e n t i a l l y  i n  t h e  r a t i o  of acceler-  
a t i o n  t o  c a p i l l a r y  forces,  was found t o  be v a l i d  f o r  pred ic t ing  the  regions of 
hydros ta t ic  s t a b i l i t y  of t he  liquid-vapor in te r face .  The absolute  value of t he  
Bond number var ied  from 0.84 when the  cylinder was a t  a 180° o r i e n t a t i o n  t o  t h e  
acce lera t ion  f i e l d  t o  e s s e n t i a l l y  i n f i n i t y  f o r  a 00 or ien ta t ion .  The f a c t o r s  
t h a t  a f f e c t  t h e  magnitude o f ’ t h e  Bond number a r e  the  spec i f i c  surface tens ion  
of t he  l i q u i d  and the  or ien ta t ion  of t he  in te r face  w i t h  respec t  t o  the  acceler-  
a t i o n  f i e l d .  

I When the  liquid-vapor in t e r f ace  was posit ioned a t  the  edge of t h e  cylin- 
der, a s ign i f i can t  increase i n  Bond number w a s  obtained over t h a t  obtained when 
the  in t e r f ace  was loca ted  i n  the  i n t e r i o r  of t h e  cylinder.  

I 
INTRODUCTION 



The behavior of t y p i c a l  wet t ing and nonwetting l i q u i d s  i n  spher ica l ,  cy- 
l i ndx ica l ,  and con ica l  g l a s s  tanks has been s tud ied  i n  a drop-tower zero- 
g rav i ty  f a c i l i t y .  The r e s u l t s  of t h e s e  s tud ies ,  presented i n  references 1 t o  3, 
allow t h e  predict ion of t h e  equi l ibr ium liquid-vapor i n t e r f a c e  configurat ion 
during weightlessness as a func t ion  of container  geometry, l i q u i d  p rope r t i e s ,  
and contact angle. Also, an i n v e s t i g a t i o n  i n t o  t h e  c a p i l l a r y  r i s e  i n  tubes 
during weightlessness ( r e f .  4) l e d  t o  a v e r i f i c a t i o n  of t h e  theory t h a t  so l id-  
liquid-vapor systems tend toward a minimum-surface-energy configurat ion when 
t h e  fo rce  of g rav i ty  i s  removed from the  system. A s  a r e s u l t  of t hese  s tud ies ,  
a s e t  of c r i t e r i a  was e s t ab l i shed  f o r  t h e  p red ic t ion  of t h e  s t a t i c  equi l ibr ium 
configuration of t he  l iquid-vapor i n t e r f a c e  i n  a propel lant  tank as a func t ion  
of l i q u i d  propert ies  and tank geometry. Conversely, t h e  tank geometry could be 
changed t o  provide a l t e r n a t i v e  i n t e r f a c e  configurations,  i f  they were more de- 
sirable.  

These s tud ie s  determined t h e  configurat ion of t h e  i n t e r f a c e  under t h e  con- 
d i t i o n s  wherein no ex te rna l  acce le ra t ions  d i s tu rbed  t h e  system. Vehicles w i l l  
be subjected t o  a number of acce le ra t ion  disturbances,  however, as missions 
grow more complex, such as those r e s u l t i n g  from o r i e n t a t i o n  maneuvers, docking 
j o l t s ,  crew o r  equipment movement, e t c .  These dis turbances w i l l  occur a t  a l l  
angles t o  the vehicle t h r u s t  a x i s  and w i l l  t end  t o  break t h e  e s t ab l i shed  
liquid-vapor i n t e r f a c e  and cause t h e  vapor t o  move i n  t h e  d i r e c t i o n  of t h e  ac- 
ce l e ra t ion .  The magnitude of t h e  acce le ra t ion  t h a t  w i l l  d i s rup t  t h e  i n t e r f a c e  
i s  expected t o  be determined by t h e  Bond number c r i t e r i o n ,  which i s  a dimen- 
s ion le s s  parameter consis t ing e s s e n t i a l l y  of t h e  r a t i o  of acce le ra t ion  t o  cap- 
i l l a r y  force s. 

Reynolds ( ref .  5) has reformulated t h e  Bond number c r i t e r i o n  as follows: 

where p i s  t h e  densi ty  of t h e  l i qu id ,  L i s  a c h a r a c t e r i s t i c  dimension of t h e  
system, a i s  t h e  accelerat ion,  and u i s  t h e  surface t ens ion  of t h e  l i q u i d .  

It i s  expected t h a t  below some c r i t i c a l  value of Bond number the  surface 
energy forces  w i l l  be ab le  t o  maintain con t ro l  of t he  i n t e r f a c e  ( t h e  i n t e r f a c e  
w i l l  be  s t ab le ) ,  whereas above t h i s  value t h e  acce le ra t ion  f o r c e s  w i l l  break 
the  in t e r f ace .  It i s  f u r t h e r  expected t h a t  t h i s  c r i t i c a l  value of Bond number 
w i l l  be a function of t he  configuration of t h e  system and t h e  d i r e c t i o n  of t h e  
acce le ra t ion  with respect  t o  t h e  l iquid-vapor in t e r f ace .  Conf l i c t ing  values  of 
t h e  c r i t i c a l  Bond number have r e s u l t e d  from both  ' refined mathematical a n a l y s i s  
and extrapolat ion of known c a p i l l a r y  phenomena ( see  appendix). 
determination of t h e  c r i t i c a l  Bond number has not been conducted t o  resolve t h e  
c o n f l i c t  o r  t o  e s t a b l i s h  t h e  v a l i d i t y  of t h e  c r i t e r i o n  i t s e l f .  

Experimental 

The purpose of t h i s  r e p o r t  i s  t o  present  t h e  r e s u l t s  of an experimental 
i nves t iga t ion  of t h e  hydros t a t i c  s t a b i l i t y  of a column of l i q u i d  conducted i n  
t h e  acce le ra t ion  f i e l d  due t o  g r a v i t y  (1) t o  v e r i f y  t h e  Bond number c r i t e r i o n  
f o r  a c y l i n d r i c a l  tube, ( 2 )  t o  v e r i f y  the  func t iona l  r e l a t i o n  of t he  l i q u i d  
p rope r t i e s  t h a t  a r e  involved i n  t h e  c r i t e r i o n ,  and (3)  t o  e s t a b l i s h  t h e  numer- 
i c a l  value of t h e  c r i t i c a l  Bond number a t  which i n s t a b i l i t y  of t he  l iquid-vapor 
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i n t e r f a c e  occurs.  

AF'PARA'IVS AND PROCEDURE 

Apparatus 

The experimental  apparatus  used t o  obtain t h e  da t a  presented he re in  i s  
shown i n  f i g u r e  l ( a )  and cons i s t s  e s s e n t i a l l y  of a c y l i n d r i c a l  t e s t  s ec t ion  
mounted so t h a t  it could be r o t a t e d  t o  any angular pos i t i on  wi th  respec t  t o  t h e  
acce le ra t ion  f i e l d .  A schematic c ross  sec t ion  of t h e  apparatus ( f i g .  l ( b ) )  il- 
l u s t r a t e s  t h e  system configuration. When the stopcock i s  closed, c a v i t a t i o n  
w i l l  not occur because of  t h e  s m a l l  height  o f  t h e  l i q u i d  column. 
t h e  i n t e r f a c e  ( l i q u i d  remaining i n  t h e  cy l inder )  i s  then  s o l e l y  a func t ion  of 
t h e  c h a r a c t e r i s t i c  dimension of t h e  cyl inder  and t h e  l i q u i d  p rope r t i e s .  The 
tes t  sec t ion  cons is ted  of a sharp-edged 9-centimeter-long precision-diameter 
b o r o s i l i c a t e  g l a s s  tube. The tubing used had bore diameters uniform t o  k O . 0 1  
mil l imeter  and e l l i p t i c i t y  of l e s s  than 4 percent as determined by op t i ca l -  
comparator techniques.  The p rec i s ion  tube was a t tached  through a shor t  l ength  
of 
The volume of t he  r e se rvo i r  and the  pos i t ion  of t h e  l i q u i d  i n  t h e  t e s t  s ec t ion  
were con t ro l l ed  by a s t a i n l e s s - s t e e l  micrometer p i s ton .  

S t a b i l i t y  of 

L..L<nn bUUILIB tc B c m l l  reservoir by means of union reducing tube f i t t i n g s .  

Attached t o  t h e  res-  

Interchangeable , 
glass tubing-" , 

Rotating s u p p o r t J 1  

I 

- 
C-63737 

(a1 Photograph showing location of compnents.  (b) Schematic cross section. 

Figure I. - Experimental apparatus. 

- Stopcock 

CD-7713 
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e r v o i r  a re  a g l a s s  f i l l  l i n e  and stopcock tha t  ensured a p o s i t i v e  sea l .  The 
r e se rvo i r  and tube f i t t i n g s  were machined polytetrafluoroethylene. The e n t i r e  
assembly was mounted on a p l a t e  t h a t  could be smoothly hand r o t a t e d  t o  any de- 
s i red angular posi t ion.  

Test  Liquids 

The pur i ty  c e r t i f i e d  l i q u i d s  employed i n  t h e  i n v e s t i g a t i o n  were chosen t o  
provide approximately a decade range of s p e c i f i c  surface t ens ion  p ( t he  r a t i o  
of surface t ens ion  t o  dens i ty) .  
Oo contact angle with g lass .  Two l i q u i d s  wi th  f i n i t e  contact  angles  were a l so  
used t o  obtain l i m i t e d  data on t h e  r e l a t i v e  change i n  Bond number with contact  
angle. The pe r t inen t  physical  p r o p e r t i e s  of t h e  t e s t  l i q u i d s  i n  t h i s  study a r e  
shown i n  t a b l e  I. The surface t ens ions  of t h e  l i q u i d s  were c a r e f u l l y  measured 

Most of t h e  t e s t  l i q u i d s  were chosen t o  have a 

TABLE I. - PROPERTIES OF TEST LIQUIDS 

L i  quid 

Tr i ch lo ro t r i -  
f luoroethane 

Carbon t e t r a -  
chlor ide 

Sym. t e t r a -  
bromoe t hane 

Methanol 
Ethanol, 

anhydrous 
80 Percent 

ethanol" 
34 Percent 

ethanol" 
Mercury 
30 Percent 

ethanol" 
20 Percent 

ethanol" 
10 Percent 

e t  hanola 
Water 

Density 
a t  20° C, 

P, 
g/cm3 

1.579 

1.595 

2.964 

.7928 

.7893 

.8688 

.9570 

13.55 
.9621 

.9735 

.9847 

.9982 

Surface ten- 
s ion  a t  

20° C i n  air, 
U? 

dynes/cm 

18.6 

26.8 

49.67 

22.6 
22.3 

24.91 

33.24 

476.1 
34.76 

39.8 

49.6 

72.75 

Contact 
angle 
wi th  
g l a s s  

i n  air, 
8, 
de g 

0 

0 

40 

0 
0 

0 

0 

130 
0 

0 

0 

0 

"Percentage compositions by volume with water. 
bAcceleration due t o  gravity,  980.2 cm/sec 2 . 
4 

Spe c i f  i c 
surf ace 
tension, 

a/&, 
cm3/se e2 

11.79 

16.81 

16.76 

28.54 
28.28 

28.70 

34.77 

35.15 
36.17 

40.92 

50.42 

72.95 

Ratio of s p e c i f i c  
surface t ens ion  

b t o  acce le ra t ion  , 
cm2 

1. 20x10-2 

1.71 

1.71 

2.91 
2.88 

2.93 

3.55 

3.59 
3. 69 

4.17 

5.14 

7.44 



by the  r i n g  method with a Du-NoG tensiometer, t he  r i n g  cor rec t ion  being ob- 
t a i n e d  from an equation derived from the  curves of reference 6. Correlat ion 
with a v a i l a b l e  published surface tension data was 0 .2  dyne per centimeter. 
asmuch as t h e  surface tens ion  of solut ions changes with time u n t i l  absorption 
equi l ibr ium occurs, espec ia l ly  so when d i lu t e  so lu t ions  are employed ( r e f s .  
7 and S), severa l  hours were allowed f o r  equilibrium t o  occur before measure- 
ments were made. Measured surface tensions of t he  lo-, 20-, and 30-percent 
d i l u t e  so lu t ions  of ethanol and water were reproducible t o  f0.5 dyne per cent i -  
meter. 

In- 

The contact  angles of symmetrical tetrabromoethane, t r i c h l o r o t r i f l u o r o -  
ethane, and mercury i n  a i r  with b o r o s i l i c a t e  g l a s s  were obtained by t h e  
t i l t i n g - p l a t e  method. The widely reported h y s t e r e s i s  phenomenon ( r e f .  9 )  as- 
soc ia ted  wi th  contact-angle measurement was noted; however, t h e  deviat ion of 
t h e  values of the  advancing and receding angles from t he  s t a t i c  angle w a s  l e s s  
than t h e  r e p r o d u c i b i l i t y  of t h e  s t a t i c  angle measurements (40) and, hence, does 
not a l t e r  t h e  s t a t e d  values. 

Procedure 

Contamination of t he  g l a s s  surfaces and l i qu ids ,  which could a l t e r  t h e  
s-L-facz C--F;rrnc LIc:LIL)IuYY nnd e m t a c t  nngler: of the t e s t  l iqu ids ,  w a s  carefu l ly  avoided. 
A l l  data were taken and l i q u i d  property measurements were made i n  a cont ro l led  
environment. The precis ion g l a s s  cylinders and a l l  glassware used i n  the  in- 
v e s t i g a t i o n  were immersed i n  heated chromic acid, cleaned u l t r a s o n i c a l l y  i n  a 
detergent and d i s t i l l e d  water solution, thoroughly r i n s e d  with a so lu t ion  of 
four  p a r t s  methanol and s i x  p a r t s  d i s t i l l e d  water, and f i n a l l y  warm-air dried.  
The remaining components were similarly cleaned with a carbon t e t r a c h l o r i d e  
immersion for t he  polytetraf luoroethylene materials and a t r ich loroe thylene  
vapor degreasing for t he  metals being used i n  place of t h e  chromic ac id  t r e a t -  
ment used f o r  glass .  

Af te r  t h e  cleaning process, the apparatus was assembled, and components 
were l e v e l e d  with respec t  t o  t h e  r o t a t i n g  support p la te .  The g l a s s  cyl inder  
was a l i n e d  p a r a l l e l  t o  the  plane of t he  support. The apparatus w a s  f i l l e d  t o  
approximately the  desired l e v e l  i n  the cylinder. Thi r ty  minutes were allowed 
f o r  temperature equilibrium t o  be obtained. 
formed were removed by o s c i l l a t i n g  the  l i q u i d  by means of a dropping p i p e t t e  a t  
t h e  f i l l - l i n e  opening. The stopcock was closed, and t h e  micrometer p i s t o n  
( f i g .  l ( b ) )  w a s  used t o  pos i t ion  t h e  l i q u i d  l e v e l  i n  the  t e s t  sect ion.  To 
avoid introducing an acce lera t ion  force other than t h a t  due t o  gravi ty ,  it w a s  
necessary t o  r o t a t e  t he  supporting p l a t e  slowly t o  the  desired angular or ienta-  
t ion .  Following a prescr ibed time interval ,  stability, o r  nons tab i l i ty ,  w a s  
recorded. It appeared t h a t  t he  s t ab le  configurations would remain so regard- 
l e s s  of t h e  time i n t e r v a l  involved, provided, of course, t h a t  evaporation was 
negl ig ib le .  
48 hours; l a t e r  trials were examined generally f o r  10 minutes. 

Any vapor bubbles t h a t  may have 

I n i t i a l  t r i a l s  remained unchanged after per iods as long as 

The experimental apparatus used i n  obtaining the  data r e s u l t e d  i n  a range 
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of tube diameters i n  which s t a b i l i t y  o r  i n s t a b i l i t y  (gene ra l ly  charac te r ized  
by breakage of t he  i n t e r f a c e  and l i q u i d  running from t h e  tube )  was observed f o r  
each value of t h e  l i q u i d  s p e c i f i c  surface t ens ion  inves t iga ted .  
po in t s  were obtained f o r  each t e s t  l i q u i d  a t  each angular  pos i t ion :  t h e  l a r g -  
e s t  ava i lab le  diameter a t  which t h e  l iquid-vapor  i n t e r f a c e  was s tab le ,  and t h e  
next ava i lab le  successive diameter a t  which t h e  l iquid-vapor i n t e r f a c e  was un- 
s t ab le .  Hence, t he  c r i t i c a l  r ad ius  f o r  each l i q u i d  was not obtained d i r e c t l y  
bu t  i s  the r e s u l t  of a curve f i t t e d  t o  t h e  e n t i r e  s e r i e s  of data po in t s  a t  
each defined angular o r i en ta t ion .  The maximum d i f f e rence  i n  diameter recorded 
f o r  any p a r t i c u l a r  t e s t  l i q u i d  was 1 .3  mil l imeters ,  and t h e  average diameter 
devia t ion  between t h e  s t a b l e  and nonstable po in t s  was 0 .6  mil l imeter .  Angular 
pos i t i ons  were referenced t o  t h e  fill p o s i t i o n  def ined t o  be 0' ( f i g .  l ( c ) ) .  

Two data 

V e r t i c a l  Cylinders 

The da ta  f o r  t h e  v e r t i c a l  cy l inders  were obtained by pos i t i on ing  the  
l iquid-vapor i n t e r f a c e  during the  f i l l  procedure approximately 15 mi l l imeters  
from t h e  exposed edge of t he  cylinder,  t h e  c r i t e r i o n  being merely t o  keep t h e  
l i q u i d  a not iceable  d is tance  from t h e  ground edge. The cy l inder  was then  ro- 
t a t e d  180° ( f i g .  l ( c ) ) .  The data po in t s  i n d i c a t i n g  t h e  s t a b l e  and uns tab le  

Fi l l  position, Oo Horizontal position, 90' 

(cl Angular orientations of experiments. 

Figure I. - Concluded. Experimental apparatus. 

C-65903 
Vertical position, 

diameters as a func t ion  of l i q u i d  p rope r t i e s  a r e  shown i n  f igu re  2 f o r  a range 
of l i q u i d s  w i t h  contact  angles  of Oo and two l i q u i d s  wi th  contact  angles  of 
40' and 1%'. When i n s t a b i l i t y  d id  occur, t h e  l iquid-vapor  i n t e r f a c e  e i t h e r  
moved t o  the exposed ground edge of t he  cy l inder  and r e s t a b i l i z e d  with a vapor 
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Ratio of specific surface tension to acceleration, u / A p a ,  cm2 

Figure 2. - Stabil ity characteristics in vertical cylinder. C-63950 

Firpure 3. - Hydrostatic stability in vertical 
cylinder. Carbon te t rach lo r ide  tube in- 
side diameter, 0.208 centimeter. 

bubble equal  t o  t h e  volume d isp laced  by the l i q u i d  occupying a po r t ion  of t h e  
f i l l  l i n e ,  o r  t h e  l i q u i d  l e f t  tkie cy l inder  completely. 
graph of t h e  stable i n t e r f a c e  configurat ion i s  shown i n  f i g u r e  3. The s t a b l e  
i n t e r f a c e  conf igura t ion  appears t o  be near ly  sphe r i ca l  and symmetrical about 
t h e  axis of t h e  cyl inder .  

A r ep resen ta t ive  photo- 

Symmetrical tetrabromoethane, which has a contact  angle  w i t h  g l a s s  i n  a i r  
Both of 40°, has t h e  szne l i m i t  o f  s tab i l i ty  as  t h a t  of carbon t e t r ach lo r ide .  

l i q u i d s  possess  nea r ly  i d e n t i c a l  s p e c i f i c  sur face  tens ions .  
stable l iquid-vapor  i n t e r f a c e  configurat ions f o r  tetrabromoethane w a s  s i m i l a r  
t o  t h a t  of carbon t e t r ach lo r ide ,  wi th  t h e  add i t ion  of a well-defined contac t  
angle. 

The p r o f i l e  of t h e  

Mercury, a nonwetting l i qu id ,  (contact  angle  of lao with  g l a s s  i n  a i r )  i s  
stable a t  a l a r g e r  diameter than  a comparable 0' contact-angle l i q u i d  with a 
similar value of s p e c i f i c  surface tension.  
f o r  mercury was necessa r i ly  convex t o  sat isfy t h e  obtuse contact  angle. 

The s t a b l e  in t e r f ace  conf igura t ion  

Horizontal  Cylinders 

The data f o r  t h e  ho r i zon ta l  cyl inders  were obtained by pos i t ion ing  the 
l i q u i d  approximately 20 mi l l imeters  from the  ground edge of t he  cy l inder  (again 
merely t o  keep t h e  l iquid-vapor in t e r f ace  away from t h e  ground edge) and 
smoothly r o t a t i n g  t h e  cy l inder  9Co ( f i g .  1( e )  ). The s t a b i l i t y  c h a r a c t e r i s t i c s  
f o r  t h e  ho r i zon ta l  cy l inders  a r e  shown i n  f i g u r e  4 f o r  a range of l i q u i d s  with 
a contac t  angle of 0' and two l i q u i d s  with contac t  angles  of 40' and 130'. In- 
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Ratio of specific surface tension to acceleration, cr/Apa, cm2 

Figure 4. - Stability characterist ics in horizontal cyl inder. 

C-63952 

(a) Water; tube inside diameter, 0.798 centimeter. 

s t a b i l i t y  i n  t h e  hor i -  
zon ta l  cy l inde r s  w a s  
cha rac t e r i zed  by t h e  
l i q u i d  leav ing  t h e  cyl-  
i nde r  a f t e r  breakage of 
t h e  i n t e r f a c e .  A s  may 
be seen from t h e  f igu re ,  
t h e r e  i s  a d i s c o n t i n u i t y  
a t  a s p e c i f i c  sur face  
t ens ion  of approximately 
43 cubic cent imeters  per  
second squared. The 
s t a b l e  i n t e r f a c e  config- 
u ra t ions  of water  and 
carbon t e t r a c h l o r i d e  
t y p i c a l l y  r ep resen ta t ive  
of t hese  two reg ions  a re  
shown i n  f i g u r e s  5 ( a )  
and (b) ,  r e spec t ive ly .  

The e f f e c t  of contac t  
angle  i n  t h e  h o r i z o n t a l  po- 
s i t i o n  i s  t o  inc rease  t h e  
l a r g e s t  s t a b l e  diameter when 
compared with l i q u i d s  t h a t  
have a Qo contac t  angle  and 
nea r ly  i d e n t i c a l  l i q u i d  pa- 
rameters.  

Ground Edge of 

Cyl inders  

C-63951 

(b) Carbon tetrachloride; tube inside diameter, 0.284 centimeter. 

Figure 5. - Hydrostatic stability in horizontal cylider. 

l iquid-vapor- interface conf igura t ion  was near ly  

The data f o r  t he  sta- 
b i l i t y  c h a r a c t e r i s t i c s  a t  
angular  o r i e n t a t i o n s  of 70°, 
90°, llOo, and 180° a t  t h e  
ground edge of a cy l inder  
a r e  shown i n  f i g u r e s  6 and 7 
f o r  a range of l i q u i d s  wi th  
contac t  angles  of 0' and one 
l i q u i d  wi th  a contac t  angle  
of 40'. The l i q u i d  was po- 
s i t i o n e d  during t h e  f i l l  
procedure t o  p lace  t h e  lead-  
i n g  edge of t h e  meniscus di-  
r e c t l y  a t  t h e  ground edge of 
t h e  cyl inder .  The r e s u l t a n t  

f la t ;  that  i s ,  t h e  r a d i i  of 
curvature-of t h e  in t e r f ace  were very l a r g e ,  
t h e  des i red  angular  o r i en ta t ion ,  and s t ab i l i t y  or i n s t a b i l i t y  was observed. 

The cy l inder  was then  r o t a t e d  t o  
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Figure 6. - Stabili>j characteristics at ground edge of vertical cylinder at l@ 

I 
I I 

l iquid-vapor-interface configura- The 
~ - 

t i o n s  a t  90°, llOo, and 180° were 
near ly  i d e n t i c a l  t o  t h a t  a t  t h e  0' 
f i l l  pos i t i on .  I n s t a b i l i t y  com- 
p l e t e l y  dra ined  t h e  cylinder.  The 
i n t e r f a c e  conf igura t ion  for t h e  70' 
o r i e n t a t i o n  i s  shown i n  f i g u r e  8. 
I n s t a b i l i t y  was cha rac t e r i zed  by 
breakage of t h e  in t e r f ace .  
contact angle of tetrabrornoethane a t  
an o r i e n t a t i o r  of 180' r e s u l t e d  i n  a 
lower range of s t a b l e  diameter l i m i t s  
than  a comparable Oo contact-angle 
l i q u i d .  

The 40' 

DISCUSSION OF RESULTS 

V e r i f i c a t i o n  of Bond C r i t e r i o n  

f o r  S t a b i l i t y  

Liquid i n  i n t e r i o r  of cylinder. - 
The resu- l t s  of t h e  experimental study 

Gravitational f ield of  t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of a 
CD-7599 l iquld-vapor  i n t e r f a c e  i n  an inve r t ed  

closed-ended cy l inde r  ( f i g .  Z ) ,  es- Figure 8. - Schematic diagram showing conf igurat ion of liquid-vapor 
interface at 70' orientation. t a b l i s h  a func t iona l  dependence of 

t h e  c r i t i c a l  r ad ius  sn t h e  p e r t i n e n t  
l i q u i d  parameters expected t o  inf luence  the s t a b i l i t y  of t h e  i n t e r f a c e .  The 
form of t h e  equation t h a t  r e s u l t s  from the f u n c t i o n a l  dependence of t h e  c r i t i -  
c a l  r ad ius  on t h e  l i q u i d  parameters, as determined from these  data,  v e r i f i e s  
t h e  Bond number c r i t e r i o n  f o r  s t a b i l i t y  under t h e  acce le ra t ion  f i e l d  due t o  
g r a v i t y  is 
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where 0 i s  t h e  l iquid-vapor surface tension, &I i s  t h e  dens i ty  difykience 
between the l i q u i d  and t h e  vapor, and a i s  t h e  acce le ra t ion  f i e l d .  The con- 
s t a n t  and t h e  exponent were obtained from t h e  slope and i n t e r c e p t  of t h e  curve 
i n  f igu re  2. 
meter over t h e  range of l i q u i d  parameters invest igated.  
on rad ius)  obtained from t h e  data and valid only f o r  contact  angles of Oo i s  
0.84. 
Bretherton ( r e f  10). 

The equation obtained from t h e  data i s  accurate  wi th in  0.5 m i l l i -  
The Bond number (based 

This value agrees with t h e  r e s u l t s  of an a n a l y t i c  i nves t iga t ion  by 

With t h e  acce le ra t ion  imposed p a r a l l e l  ( a t  a 90' o r i e n t a t i o n )  t o  t h e  in-  
t e r f ace ,  a r a t h e r  sharp r i s e  i n  c r i t i c a l  diameter occurs a t  a s p e c i f i c  surface 
t ens ion  of approximately 43 cubic cent imeters  pe r  second squared (see f i g .  4 ) .  
Photographs of t he  l iquid-vapor i n t e r f a c e  of r ep resen ta t ive  0' contact-angle 
l i q u i d s  on g l a s s  above and below t h i s  value of s p e c i f i c  surface t ens ion  a r e  
shown i n  f i g u r e s  5 (a )  and (b ) .  Liquids of a higher  s p e c i f i c  surface t e n s i o n  
d i s t i n c t l y  possess two po in t s  of i n f l e c t i o n  compared with one f o r  l i q u i d s  of 
lower spec i f i c  surface t ens ion  (excluding t h e  boundaries).  Again, t h e  form of 
t h e  equation based on curves f i t t e d  t o  the  two regions v e r i f i e s  t h e  Bond c r i t e -  
r i o n  and r e s u l t s  i n  Bond numbers of 2 .5  and 1 . 1 2  f o r  t h e  upper and lower re -  
gions, respect ively.  I n t e r e s t i n g l y  enough, when t h e  diameter of t h e  upper por- 
t i o n  of the i n t e r f a c e  w a s  used, as obtained from f igu re  5(a) ,  r a t h e r  than t h e  
r ad ius  of t h e  cylinder,  t h e  new point  obtained f e l l  very c lose  t o  t h e  curve 
f i t t e d  t o  t h e  lower region of t h e  s t a b i l i t y  c h a r a c t e r i s t i c s .  It i s  not under- 
stood, however, why t h e  l iquid-vapor i n t e r f a c e  should assume t h i s  formation 
above spec i f i c  surface tensions of 43 cubic cent imeters  per second squared. 
The formation, as shown i n  f i g u r e  5(b) ,  would be t h e  more probable configura- 
t i o n .  
v e r t i c a l  cyl inders  have been reported ( r e f .  11). 

It i s  t o  be noted t h a t  s i m i l a r  formations of "ove r s t ab i l i t y"  i n  inve r t ed  

Quite obviously, i f  t h e  cyl inder  were i n  an upright  o r  0' posi t ion,  t h e  
liquid-vapor i n t e r f a c e  would always be s t a b l e  r ega rd le s s  of t h e  magnitude of 
acceleration. I n  terms of t h e  s t ab i l i t y  c r i t e r i o n ,  t h e  Bond number, effec-  
t i v e l y ,  w o u l d  be i n f i n i t e .  Intermediate t o  t h i s  maximum and t h e  previously es- 
t a b l i s h e d  Bond number (occurring a t  t h e  180' posi t ion) ,  o the r  regions of sta- 
b i l i t y  a re  apparent, with t h e  Bond number dependent on t h e  angular o r i e n t a t i o n  
of t h e  in t e r f ace  with respect  t o  t h e  a c c e l e r a t i o n  f i e l d .  Table 11 presen t s  a 
summary of experimental Bond numbers aga ins t  t h e  o r i e n t a t i o n  of t h e  l i qu id -  
vapor i n t e r f a c e  with r e spec t  t o  t h e  acce le ra t ion  f i e l d  f o r  t h e  i n t e r f a c e  lo- 
cated i n  the  i n t e r i o r  of t h e  cyl inder .  

Liquid a t  edge of cylinder. - The Bond number of 3.37 obtained from an 
ana lys i s  of  t h e  data presented i n  f i g u r e  6 shows t h a t  t h e  edge e f f e c t  doubled 
t h e  c r i t i c a l  diameter f o r  i n t e r f a c e  s t ab i l i t y  obtained when t h e  i n t e r f a c e  was 
i n  t h e  i n t e r i o r  of t h e  cylinder.  The Bond number f o r  t h e  s t ab i l i t y  character-  
i s t i c s  a t  t h e  edge of a v e r t i c a l  cyl inder  p r e d i c t s  t h e  c r i t i c a l  r ad ius  t o  
within 1 millimeter f o r  r e spec t ive  l i q u i d  parameters. It i s  noted t h a t  a con- 
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TABU3 11. - EXPERIMENTAL BOND NUMBERS 

I Orientation 
of cylinder 
with respect 
t o  accelera- 
t i o n  f i e ld ,  

deg 

Pos i t ion  of 
li qui d-vapor 

in t e r f ace  

I n t e r i o r  of 0 

90 
180 

cyl inder  I 90 

Edge of cyl- 
inder  

0 
70 
90 
110 
180 

Bond number, 
~2 &a BO = a 

co 

"2.53 
b l .  12 

.84 

co 

5.3  
3.8 
3.5 
3.37 

"Specific surface tension, >43 cm3/sec2. 
%Specif ic  surface tension, <43 cm3/sec2. 

t a c t  angle of  40' lowers t h e  c r i t i c a l  diameter. A n  angular o r i e n t a t i o n  of t he  
cyl inder  i n  order  t o  vary t h e  d i r e c t i o n  of an acce lera t ion  f i e l d  imposed on the  
l iquid-vapor in t e r f ace  ( f ig .  7 )  r e s u l t e d  i n  progressively increasing Bond num- 
b e r s  as t h e  angle w a s  decreased. Table I1 gives t h e  Bond numbers f o r  t he  f i v e  
angular o r i e n t a t i o n s  studied. Rela t ive ly  l i t t l e  change i s  noted as the  angle 
v a r i e s  from 180° t o  90'; however, as the  angle va r i e s  from 90° t o  Oo, a l a rge  
increase i s  noted. 
d i scont inui ty  a t  a spec i f i c  surface tension of 43 cubic centimeters per second 
squared as was observed f o r  the  90° or ien ta t ion  i n  t h e  i n t e r i o r  of the  cylin- 
der. This observation lends support t o  the p o s s i b i l i t y  t h a t  o v e r s t a b i l i t y  i s  
e x l i b i t e d  f o r  the  90' o r i e n t a t i o n  (see f ig .  4). 

A t  a 90° orientat ion,  the  da ta  d i d  not e x h i b i t  the  sharp 

Effec t  of Contact Angle 

As  reported previously ( r e f .  1 2 ) ,  inves t iga t ions  have ind ica ted  t h a t  in- 
creasing contact  angles w i l l  cause the  Bond number t o  increase monotonically, 
reaching a maximum a t  a 90' contact angle, and i d e a l l y  decreasing t o  the  Bond 
number f o r  0' contact angles at 180'. If  the  exponent of t he  r a d i u s  term i n  
the  Bond number c r i t e r i o n  remains constant over a range of l i q u i d  parameters 
f o r  f i n i t e  contact angles, it may be seen from f igu re  2 t h a t  t h e  Bond number 
f o r  nonwetting l i q u i d s  (mercury) would indeed be l a r g e r  than t h a t  obtained f o r  
wet t ing l i qu ids .  No d e f i n i t e  conclusion can be made, however, as t o  the  e f f e c t  
of contact  angle on the  s t a b i l i t y  of t h e  in te r face .  
i d e n t i c a l  contact angles and d i f f e r i n g  l i qu id  parameters a re  needed t o  v e r i f y  
the  t h e o r e t i c a l  contention. Since m o s t  rocket engine propel lan ts  have Oo con- 
t a c t  angles  on the  types of tank mater ia ls  cur ren t ly  being employed i n  rocket 
vehicle  design, no f u r t h e r  attempt was made t o  extend these r e s u l t s  t o  l iqu id-  
solid-vapor systems possessing contact angles o t h e r  than zero. 

Additional l i q u i d s  with 

Judging from 
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t h e  ava i lab le  data, however, it appears t h a t  f i n i t e  contact  angles  do a f f e c t  
the  regions of s t a b i l i t y .  

SUMMARY OF FESULTS 

An experimental i nves t iga t ion  of t h e  hydros ta t ic  s tab i l i ty  of t he  l i qu id -  
vapor in te r face  i n  a c y l i n d r i c a l  container  was conducted i n  a 1-g acce le ra t ion  
f i e l d  and yielded t h e  following r e s u l t s :  

1. The Bond number c r i t e r ion ,  cons is t ing  e s s e n t i a l l y  of t h e  r a t i o  of ac- 
ce le ra t ion  t o  c a p i l l a r y  forces ,  i s  valid f o r  p red ic t ing  t h e  regions of hydro- 
s t a t i c  s t a b i l i t y .  

2. A Bond number of 0.84 based on r ad ius  w a s  obtained when t h e  cy l inder  
was a l ined  a t  180' t o  t he  acce lera t ion  f i e l d .  

3. The Bond number f o r  hydros ta t ic  s t a b i l i t y  a t  the  ground edge of a cyl-  
inder  i s  l a r g e r  than t h a t  obtained when t h e  i n t e r f a c e  i s  posi t ioned i n  t h e  in- 
t e r i o r  of t h e  cyl inder .  

4. Angular o r i en ta t ion  of t he  acce le ra t ion  f i e l d  with respec t  t o  t h e  
liquid-vapor in t e r f ace  and contact angle a f f e c t  t h e  Bond number. 

L e w i s  Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, January 8, 1964 
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APPENDIX - FORMAL INVESTIGATIONS O F  HYDROSTATIC STABILITY 

The c l a s s i c a l  approach t o  the  problem of hydros ta t ic  s t a b i l i t y  has con- 
s i s t e d  i n  examining t h e  charac te r  of t he  soPJtion of t h e  equations of d i s turb-  
ances appl ied  t o  t h e  in t e r f ace .  I f  t h e  exponents of t h e  s e r i e s  so lu t ion  a r e  
pure imaginary, t h e  d is turbed  in t e r f ace  w i l l  o s c i l l a t e  i n  time, and t h e  undis- 
turbed s t a t e  of t h e  i n t e r f a c e  i s  considered s tab le .  
t h e  dis turbance i s  unbounded i n  time, and the undisturbed s t a t e  i s  considered 
unstable.  
w a l l .  I n  t he  case of d i s turbed  equilibrium, t h i s  l eads  a lgeb ra i ca l ly  t o  t h e  
usua l  c r i t e r i o n  of minimum p o t e n t i a l  energy a s  a necessary condi t ion f o r  sta- 
bi l i ty .  
g r a v i t a t i o n a l  and f r e e  surface p o t e n t i a l s  subject  t o  t h e  cons t r a in t  of constant  
l i q u i d  volume. The r e s u l t a n t  E u l e r  d i f f e r e n t i a l  equation i s  solved cons is ten t  
wi th  t h e  requi red  boundary conditions.  The so lu t ions  a re  necessa r i ly  approxi- 
mate, l a r g e l y  because of t h e  nonl inear i ty  of t h e  d i f f e r e n t i a l  equations and t h e  
d i f f i c u l t y  encountered with a r igorous mathematical formulation f o r  a 0' 
contact-angle boundary condition. 

I f  t he  exponents a re  r ea l ,  

The requi red  boundary condi t ion i s  a f i x e d  contact angle a t  t h e  

Var i a t iona l  techniques have been used i n  minimizing t h e  sum of t h e  

The f i r s t  formal ana lys i s  of hydros ta t ic  s t a b i l i t y  was conducted by Max- 
wel l  ( r e f .  13), who found t h a t  t h e  Bond number (based on r ad ius )  w a s  14.68 f o r  
a c i r c u l a r  o r i f i c e .  Maxwell quoted agreement with Duprez, who experimentally 
~ k t a l n e 6  a Bonc? ?xmbe~ ef 15-06 by observing the dis rupt ion  of t h e  i n t e r f a c e  
formed by two immiscible l i q u i d s  (o l ive  o i l  and a mixture of water and ethanol). 
The d is rupt ion  or i n s t a b i l i t y  was brought about by increas ing  t h e  dens i ty  of 
t h e  upper l i q u i d .  This l a rge  value of Bond number appears t o  be a result of 
l i n e a r i z i n g  t h e  curvature of t h e  i n t e r f a c e  by assuming t h e  v e r t i c a l  height  of 
t h e  meniscus t o  be small. The e f f e c t  of  the  contact  angle w a s  neglected i n  t h e  
ana lys i s  . 

Employing t h e  c l a s s i c a l  approach t o  cap i l l a ry  wave phenomena with g rav i ty  
taken i n t o  account, Lanib ( r e f .  1 4 )  found t h a t  t h e  liquid-vapor i n t e r f a c e  would 
be unstable  i n  t h e  two-dimensional case f o r  Bond numbers g rea t e r  than 2.47. 
Again, t h e  e f f e c t  of contact angle w a s  neglected i n  t h e  discussion. 

The growth of a s inusoida l  deformation of t h e  i n t e r f a c e  between two f l u i d s  
of d i f f e r e n t  d e n s i t i e s  under an imposed acce lera t ion  d i r ec t ed  perpendicular 
from t h e  less-dense t o  t h e  more-dense f l u i d  has been s tudied  a n a l y t i c a l l y  by 
Taylor ( r e f .  15) and experimentally v e r i f i e d  ( r e f .  16 ) .  The ana lys i s  of t h i s  
phenomenon, comonly known as Taylor i n s t a b i l i t y ,  w a s  Later  r e f ined  ( r e f s .  1 7  
and 18) t o  include t h e  e f f e c t s  of surface tension and v i scos i ty .  
s ion  was found t o  have a d e f i n i t e  s t a b i l i z i n g  e f f e c t  on the  amplitude growth 
of t h e  i n i t i a l  disturbance. Viscosity,  while not removing the  i n s t a b i l i t y ,  w a s  
found t o  reduce t h e  r a t e  of growth of t h e  disturbance. More recent  analyses 
( r e f s .  1 9  and 20) based on higher order approximations p red ic t  o v e r s t a b i l i t y  
beyond the  cutoff value given by t h e  l i nea r i zed  model of Taylor. It should be 
noted t h a t  a contact angle of 90° i s  generally implied i n  t h e o r e t i c a l  discus- 
s ions  of Taylor i n s t a b i l i t y .  

Surface ten- 

I n  another example of t h e  c l a s s i c a l  approach t o  t h e  problem, Reynolds 
( r e f .  5) employed t h e  dynamic method (comparable t o  t h e  ana lys i s  of Taylor in- 
s t a b i l i t y )  and examined t h e  boundedness of t h e  amplitudes of i n f in i t e sma l  dis- 
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tmbances of the  in t e r f ace  i n  time with a f i x e d  SOo contact  angle a t  t h e  walls 
of t h e  two-dimensional model. H i s  l i n e a r i z e d  approach ind ica ted  a s t a b l e  
liquid-vapor in t e r f ace  f o r  Bond numbers l e s s  than 2.5. 

The s t a t i c  method of reference 2 1  assumed a hemispherical  i n t e r f a c e  con- 
f igura t ion  f o r  l i q u i d s  with Oo contact angles  i n  zero gravi ty ,  and a Bond num- 
b e r  of 0 .72  was obtained f o r  an inver ted  channel c losed a t  one end. The method 
of va r i a t iona l  techniques i n  reference 1 2  i nd ica t e s  t h a t  t h e  s t a t i c  and dynamic 
methods w i l l  y i e l d  i d e n t i c a l  s t a b i l i t y  c r i t e r i a .  
a t  a contact angle of Oo and should increase  monotonically t o  2.47 for a 90' 
contact angle. 

A Bond number of approximately 3 w a s  obtained ( r e f .  11) by equating t h e  
buoyant forces  of a hemispherical  vapor bubble (implying a 00 contact  angle)  t o  
the  surface tens ion  forces .  Although t h i s  method i s  a r a t h e r  informal approach 
t o  t h e  problem, it does provide an a l t e r n a t i v e  view of t h e  c r i t e r i o n  of sta- 
b i l i t y :  r a the r  than consider t he  l i q u i d  as leaving t h e  cylinder,  a vapor bub- 
b l e  can e a s i l y  be regarded as en ter ing  t h e  cyl inder .  The l a t t e r  i s  f requent ly  
employed i n  descr ip t ions  of Taylor i n s t a b i l i t y  i n  which f inge r s  of vapor pene- 
t r a t e  the  in t e r f ace  and replace the  spikes of l i q u i d  deforming the  in t e r f ace .  
This a l t e rna t ive  viewpoint i s  p a r t i c u l a r l y  advantageous because of the  exten- 
s ive  ana ly t i ca l  and experimental treatment developed i n  determining the  p r o f i l e  
of menisci and s e s s i l e  drops. 

The Bond number w i l l  be 0.72 

The equation governing t h e  p r o f i l e  may be formulated by s u b s t i t u t i n g  the  
d i f f e r e n t i a l  expressions f o r  the  r a d i i  of curvature  i n t o  the  Laplace equation 
f o r  describing the  pressure d i f fe rence  across  an i n t e r f a c i a l  surface.  The de- 
t a i l e d  shape of t h e  p r o f i l e  when appl ied t o  arbitrary contact  angles  has  not 
been solved i n  closed form, but  various approximate solut ions,  summarized i n  
reference 9, have been formulated with v e r i f i e d  high degrees of accuracy. 
Bashforth and Adams ( r e f .  2 2 )  have computed and compiled numerical approxima- 
t i o n s  su i tab le  f o r  t he  determination of p r o f i l e s  of f i g u r e s  of revolut ion,  such 
as s e s s i l e  drops and menisci i n  c y l i n d r i c a l  tubes. Their  r e s u l t s  have s ince  
been extended and r e f ined  ( r e f .  2 3 ) .  Since the  two p r o f i l e s  a re  symmetrical, 
t he  case of t h e  s e s s i l e  drop can be regarded as i d e n t i c a l  t o  t h a t  of a s e s s i l e  
bubble. The problem of hydros ta t ic  s t a b i l i t y  can be r e s t a t e d  as determining 
t h e  l a r g e s t  rad ius  of a cyl inder  t h a t  w i l l  f i t  over a given s e s s i l e  bubble 
while s a t i s fy ing  the  required contact angle. 

I n  attempting t o  r e l a t e  bubble ve loc i ty  wi th  bubble s i z e  i n  a cylinder,  
t h e  ana lys i s  of reference 24 appears t o  be t h e  f i rs t  t o  repor t  t he  exis tence of 
a c r i t i c a l  rad ius  a t  which no bubble r i s e  w i l l  occur. The Bond number f o r  t h i s  
s t a t iona ry  bubble based on t h e  ana lys i s  i s  approximately 1. A c r i t i c a l  Bond 
number of 0.15 w a s  obtained when t h i s  phenomenon was observed i n  an a i r  bubble 
viscosimeter ( r e f .  25). A numerical value of 1 . 2 7  i s  f u r t h e r  suggested i n  r e f -  
erence 10. Recently, Brether ton ( r e f .  10)  ca lcu la ted  a Bond number c r i t e r i o n  
of 0.842 by d i g i t a l  techniques. 
a t  which the tangent plane i s  v e r t i c a l  (and thereby s a t i s f i e s  a 0' contact  
angle)  was e s t ab l i shed  as t h e  reference point  f o r  t h e  c r i t i c a l  radius .  

The poin t  of i n f l e c t i o n  of the  bubble p r o f i l e  

Except f o r  a few add i t iona l  a r t i c l e s  of r e l a t e d  i n t e r e s t  ( r e f s .  26 t o  2 8 )  
t h e  d i spa r i ty  of Bond numbers and the  lack  of experimental data a re  su rp r i s ing  
i n  view of t h e  f a c t  t h a t  t h e  phenomenon appears t o  be wel l  known. 
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